We have previously shown that isolated islets embedded in type 1 collagen gel in the presence of a defined medium undergo transdifferentiation within 96 h to duct epithelial structures. The aim of this study was to identify the factors implicated in this process. Freshly isolated canine islets were embedded in type 1 collagen gel, Matrigel or agarose for up to 120 h and cultured in (i) Dulbecco's modified Eagle's medium (DMEM)/F12 plus cholera toxin (CT), (ii) medium CMRL1066 plus CT, (iii) CMRL1066 plus forskolin and (iv) CMRL1066 alone. At 16 h, intracellular levels of cAMP (fmol/10 3 islets) were increased in groups i-iii (642 17, 338 48, 1128 221) compared with group iv (106 19, P<0·01). Epithelial differentiation correlated with the total amount of intracellular cAMP measured over 120 h. Islet-epithelial transformation during the initial 36 h was associated with a wave of apoptosis which was followed by a wave of cell proliferation. During epithelial differentiation there was a progressive loss of all islet hormones and the concomitant expression of cytoskeletal proteins characteristic of duct epithelial cells. Islets in collagen and Matrigel demonstrated high rates of epithelial differentiation (63 2% and 71 4% respectively) compared with those in agarose gel (0 0%, P<0·001). Islets suspended in DMEM/F12 plus CT supplemented with soluble laminin or fibronectin did not undergo transformation. Prior incubation of freshly isolated islets with an integrin-binding arginine-glycineaspartate motif-presenting synthetic peptide also reduced islet transformation. These studies confirm the biological potential of islets of Langerhans to differentiate to duct epithelial structures. cAMP-mediated signal transduction and an appropriate integrin-matrix interaction are necessary for this process to proceed.
Introduction
The process of islet isolation destroys extracellular matrix and eliminates potentially important cellular interrelationships (Rosenberg 1998) . Maintenance of cellular phenotype, however, depends on the extracellular milieu, as well as on cytoplasmic signaling proteins and nuclear transcription factors that interact to keep gene expression stable (Okada 1986 , Ekblom & Timpl 1996 . It is perhaps not surprising, therefore, that we have observed (Yuan et al. 1996) that islets maintained in culture can undergo a phenotypic switch to duct-like epithelial structures by a process known as transdifferentiation, a change from one differentiated cell phenotype to another, where change includes morphological and functional phenotypic markers (Okada 1986 ). To understand why islet cells are replaced by duct-like cells, one need only recall pancreatic morphogenesis, during which an epithelial-mesenchymal interaction is soon followed by the appearance of a multipotential stem cell that differentiates into either an exocrine or endocrine phenotype (Bensley 1911 , Golosow & Grobstein 1962 , Orci et al. 1979 , Dudek & Lawrence 1988 . During this early stage, the cells of the endocrine pancreas develop from progenitor cells that migrate out from the embryonic ductal epithelium (Githens 1986) .
Signal transduction in transdifferentiation has only recently become the subject of study; detailed information is therefore unavailable. cAMP-mediated information flow, however, appears to play an important role (Osaka & Sabban 1997 , Ghee et al. 1998 , Yarwood et al. 1998 . This is of particular interest, because a rise in cAMP has recently been reported to form part of the effector system controlling apoptosis in pancreatic -cells (Loweth et al. 1997) , and cell loss is the first stage observed in the transformation of islets to duct epithelial structures (Yuan et al. 1996) . Moreover, during this transition, islets are maintained in medium supplemented with cholera toxin (CT), which is known to elevate intracellular cAMP.
While the first stage of islet-to-duct transformation is characterized by a loss of endocrine cell mass, this is followed by a period of robust proliferation of new duct-like cells. In contradistinction to the possible role of cAMP-mediated signal transduction in cell loss, in this second stage cell survival may be promoted by extracellular Figure 1 Islets embedded in collagen matrix and maintained in DMEM/F12 plus CT for up to 72 h. The appearance of islets in culture (A, C and E 100) and the corresponding light microscopy of tissue sections stained for pan-cytokeratin AE1/AE3 by immunocytochemistry (B, D and F 200) . matrix (Yuan et al. 1996) . There is, after all, ample precedent in the literature for cell dependence on extracellular matrix (ECM) for survival (Meredith et al. 1993) . This dichotomy of time-dependent signals presents an interesting paradox, the nature of which needs to be further clarified.
The purpose of the present study, therefore, was to characterize the factors involved in the process of islet transdifferentiation to duct epithelial structures, in order to better understand the functional relationships that confer morphogenetic stability on cells in the isolated islet.
Materials and Methods

Islet isolation and purification
Pancreata from six mongrel dogs of both sexes (body weight 25-30 kg) were resected under general anesthesia in accordance with Canadian Council for Animal Care guidelines (Wang & Rosenberg 1999) . Prior to removal, the pancreatic ducts were cannulated to permit intraductal infusion with Liberase CI (1·25 mg/ml; Boehringer Mannheim, Indianapolis, IN, USA) according to established protocols (Horaguchi & Merrell 1981 , Ricordi 1992 . Purification was achieved by density gradient separation in a three-step EuroFicoll gradient using a COBE 2991 Cell Processor (COBE BCT, Denver, CO, USA) (London et al. 1992) . The final preparation consisted of 95% dithizone-positive structures with diameters ranging from 50 to 500 µm.
Experimental design
To evaluate the role of intracellular cAMP, freshly isolated islets were embedded in type 1 collagen gel (Wang & Rosenberg 1999 ) and cultured in: (i) Dulbecco's modified Eagle's medium (DMEM)/F12 (GIBCO, Burlington, Ontario, CANADA) supplemented with 10% fetal bovine serum (FBS), epidermal growth factor (EGF; 100 ng/ml; Sigma, St Louis, MO, USA) and CT (100 ng/ml; Sigma), (ii) medium CMRL1066 (GIBCO) supplemented with 10% FBS and CT (100 ng/ml) and 16·5 mM -glucose, (iii) CMRL1066 supplemented with 10% FBS and 2 µM forskolin (Sigma) and (iv) CMRL1066 supplemented with 10% FBS. Approximately 3000 islets per group per timepoint were used. Islets were cultured in 95% air/5% CO 2 at 37 C, and the medium was changed on alternate days. Representative islets from each group were examined immediately after isolation, and then at 1, 16, 36, 72 and 120 h.
To determine whether the process required a solid gel environment, islets were cultured in suspension in DMEM/F12 with 10% FBS plus CT and EGF. To determine whether a solid gel environment and extracellular matrix proteins were independent requirements, islets were embedded in 1·5% agarose gel and maintained in DMEM/F12 with 10% FBS plus CT and EGF. Alternatively, islets were cultured in suspension in DMEM/F12 with 10% FBS plus CT and EGF in the presence of soluble laminin (50 µg/ml) or fibronectin (50 µg/ml; Peninsula Laboratories, Belmont, CA, USA). To determine whether the process was, at least in part, integrin mediated, islets were preincubated at 37 C for 60 min either in the presence of the synthetic arginineglycine-aspartate (RGD) motif containing GRGDSP peptide or the control peptide GRGESP (400 µg/ml; Peninsula Laboratories). Finally, to determine whether cystic transformation was dependent on type 1 collagen alone, islets were also embedded in Matrigel (Peninsula Laboratories). The number of islets undergoing cystic transformation were counted under an inverted microscope, and data are reported as the percentage of cystic transformation. For each experiment, values are the average for three flasks and each experiment was repeated six times (i.e. six isolations were performed).
Morphological analysis
Immunocytochemistry Tissue was fixed in 4% paraformaldehyde (PFA) and embedded in 2% agarose following a standard protocol of dehydration and paraffin embedding (Wang & Rosenberg 1999) . A set of six serial sections (thickness 4 µm) was cut from each paraffin block.
Consecutive sections were processed for routine histology and immunostained for pancreatic hormones (insulin, glucagon and somatostatin; Biogenex, San Ramon, CA, USA) and the pan-cytokeratin cocktail AE1/AE3 (Dako, Carpinteria, CA, USA), using the AB complex method (streptavidin-biotin horseradish peroxidase; Dako), as described previously (Wang et al. 1994) . For cytokeratin AE1/AE3, sections were pretreated with 0·1% trypsin. The sections were incubated overnight at 4 C with the appropriate primary antibodies. Negative controls involved the omission of the primary antibodies.
In situ hybridization In situ hybridization for human proinsulin mRNA (Novocastra, Burlington, Ontario, Canada) was performed on consecutive sections of freshly isolated islets and epithelial cystic structures at 120 h. The sections were hybridized with a fluorescein-labeled oligonucleotide cocktail solution for 2 h at 37 C. Slides were then incubated with rabbit Fab anti-FITC (Novocastra), conjugated to alkaline phosphatase antibody (diluted 1:200) for 30 min at room temperature. The reaction product was visualized by an enzyme-catalyzed color reaction using a nitro blue tetrazolium and 5 -bromo-4-chloro-3-indolyl-phosphate kit (Wang et al. 1994 , Wang & Rosenberg 1999 ).
Analysis of intracellular cAMP level
Cells were harvested from the collagen gel and washed in 1 mM cold phosphate-buffered saline. Following the addition of 200 µl lysis buffer, each sample was sonicated for 30 s, then incubated for 5 min at room temperature. Cell lysate (100 µl )was transferred to a donkey anti-rabbit Ig-coated plate. The intracellular cAMP content of nonacetylated samples was measured using a commercially available cAMP enzyme-linked immunoassay (ELISA) kit (assay range 12·5-3200 fmol/well; Amersham International plc, Little Chalfont, Bucks, UK). The analysis was performed for each of six different islet isolations, with three flasks per group per time-point. The data are expressed as fmol/10 3 islets.
Insulin content assay
Cellular insulin content was measured using a solid-phase radioimmunoassay (Immunocorp, Montreal, Quebec, Canada) (Wang et al. 1999 ) with a sensitivity of 26·7 pmol/l (0·15 ng/ml), an interassay variability of <5% and an accuracy of 100%. The kit uses anti-human antibodies that cross-react with canine insulin. Obtained values were corrected for variations in cell number by measuring DNA content using a fluorometric DNA assay (Yuan et al. 1996) . The data are expressed as µg/µg DNA.
Cell death and proliferation
Cells cultured in DMEM/F12 plus CT and CMRL1066 were harvested from the gel using collagenase XI (0·25 mg/ml; Sigma, Montreal, Quebec, Canada) and processed for a specific programmed cell death ELISA which detects histone-associated DNA fragments in the cell cytoplasm -a hallmark of the apoptotic process (Roche Molecular, Montreal, Quebec, Canada) (Paraskevas et al. 2001) . Cells were incubated in lysis buffer for 30 min, and the supernatant containing cytoplasmic oligonucleosomes was measured at an absorbance of 405 nm. Variations in sample size were corrected by measuring total sample DNA content (Yuan et al. 1996) . To evaluate cell proliferation, cells cultured in DMEM/ F12-CT and CMRL1066 were preincubated with 10 µM 5-bromo-2 -deoxyuridine (BrdU; Sigma) for 1 h at 37 C. Harvested cells was fixed in 4% PFA as described above. Immunostaining for BrdU was performed using the AB complex method. The sections were pretreated with 0·1% trypsin and 2 M HCl denatured DNA. A monoclonal anti-BrdU antibody was used at 1:500 dilution (Sigma).
To calculate a BrdU-labeling index, the number of cells positive for the BrdU reaction was determined and expressed as a percentage of the total number of cells counted. At least 500 cells were counted per section for each experimental group and time-point.
Statistic analysis
Data obtained from the six different islet isolations are expressed as means ... The difference between groups was evaluated by one-way analysis of variance.
Results
Morphological changes
Under the inverted microscope, freshly isolated islets appeared as solid spheroids. At this time, cytokeratinpositive cells were not demonstrated within islets (Fig. 1A  and B) .
For islets embedded in type 1 collagen and cultured in DMEM/F12 plus CT, CMRL1066 plus CT or CMRL1066 plus forskolin, duct epithelial differentiation was first observed coincident with a loss of cells in the islet periphery, at approximately 16 h. At this time, cells lining the developing cystic spaces were cytokeratin positive ( Fig. 1C and D) . Fully developed epithelial structures were present in culture by 72 h (Fig. 1E and F) . Islets cultured in CMRL1066 alone maintained a solid spheroid appearance for the duration of the study and did not undergo epithelial transformation. Immunocytochemical staining did not demonstrate co-localization of cytokeratin and islet cell hormones. This is in keeping with the observation in the intact pancreas that cytokeratin staining was only seen on duct epithelial cells. Pro-insulin gene expression and insulin protein were lost during the period of duct epithelial differentiation (Figs 2 and 3) . 
Intracellular cAMP
After 1 h intracellular levels of cAMP of islets maintained in DMEM/F12 plus CT, CMRL1066 plus CT and CMRL1066 plus forskolin were significantly elevated compared with freshly isolated islets or to islets maintained in CMRL1066 alone (Fig. 4A ). In fact the intracellular level of cAMP of islets cultured in CMRL1066 alone did not increase at all during the time-course of the study. The total intracellular cAMP measured over 120 h (integrated area under the curve) was similar for islets cultured in DMEM/F12 plus CT, CMRL1066 plus CT and CMRL1066 plus forskolin (15 3, 16 2 and 17 3 respectively). In comparison, islets cultured in CMRL1066 alone had the lowest level of total intracellular cAMP (4 1, P<0·001) (Fig. 4B) , which was associated with the lowest level of islet-duct transformation (Fig. 4C) .
Intracellular insulin content
The cellular content of insulin (Fig. 3) was highest in freshly isolated islets (11 2 ng/µg DNA). Islets maintained in CMRL1066 alone demonstrated a gradual decline in insulin content, in keeping with previously reported observations (Wang & Rosenberg 1999) . In contrast, by 16 h in culture, the insulin content of cells maintained in DMEM/F12 plus CT, CMRL1066 plus CT and CMRL1066 plus forskolin had declined dramatically, falling to 7% of the initial value by 120 h, which was approximately 50% of the intracellular insulin content in islets cultured in CMRL1066 alone (P<0·03, Fig. 3 ).
Analysis of cell death and proliferation
As shown in Fig. 1 , cell loss is a feature of islet-to-duct transdifferentiation. However, islet cell apoptosis also occurs naturally when islets are maintained in culture (Wang et al. 1999 ). Therefore we sought to determine whether cell loss during cystic transformation was associated with an increase in the basal level of programmed cell death. Indeed, using a specific cell death ELISA, we found that a wave of apoptosis occurred sooner (P<0·02) and was maintained longer in islets undergoing transdifferentiation in DMEM/F12 plus CT (Fig. 5A ), compared with islets maintained under control conditions in CMRL1066 alone. After 36 h, there was no difference between the groups with respect to programmed cell death.
To assess proliferation, cells were labeled with BrdU. Following isolation, the BrdU cell labeling index of islets cultured in DMEM/F12 plus CT was 0·8% -identical to that of islets cultured in CMRL1066 alone. After 36 h, however, a wave of cell proliferation ensued in the DMEM/F12 plus CT group, with the labeling index reaching 18% at 120 h (Fig. 5B) . In comparison, the labeling index for islets in CMRL1066 remained essentially unchanged throughout the study period (P<0·01).
The role of integrin-ECM interactions
To determine whether elevation of intracellular cAMP was sufficient to induce duct epithelial differentiation, islets were maintained in suspension culture in DMEM/ F12 plusCT and not embedded in collagen gel. Under these conditions, epithelial transformation did not occur. This suggested that an increase in intracellular cAMP was a necessary but not a sufficient requirement for transformation, and that the matrix must also play an important role in the process.
To determine whether it was the solid gel environment or the presence of extracellular matrix proteins alone that was necessary, islets were embedded in agarose gel, type 1 collagen gel or Matrigel. Only islets embedded in the latter two matrices underwent cystic transformation (Table 1) . Furthermore, islets maintained in suspension in DMEM/ F12 plus CT supplemented with either soluble laminin or fibronectin failed to undergo ductal transformation. These experiments indicated that the process of transformation required the presence of extracellular matrix proteins presented in a solid gel environment.
To examine the role of integrin-mediated signaling in the transformation process in a more direct manner, islets were preincubated with the RGD motif-containing GRGDSP peptide prior to embedding in collagen. This reduced cystic transformation to 57% of the control DMEM/F12 plus CT group (P<0·001) at 72 h (Fig. 6A) . The control peptide, GRGESP, had little influence on the transformation process. Pretreatment of islets with either soluble fibronectin or laminin prior to embedding decreased cystic transformation to 50% of control (P<0·01) at 72 h (Fig. 6B) . Cystic transformation was further reduced to 33% of control when islets were preincubated with both GRGDSP and laminin (P<0·001; Fig. 6C ).
Discussion
Differentiated cells usually maintain their cellular specificities in the adult, where stability of cellular phenotype is related to a cell's interaction with its microenvironment. A perturbation or loss of stabilizing factors, however, may induce cells to change their commitment (Okada 1986 ). We have reported previously that isolated islets of Langerhans embedded in type 1 collagen gel can be induced to undergo transdifferentiation to duct-like epithelial structures (Yuan et al. 1996) .
Little is currently known regarding the molecular events involved in transdifferentiation. Hence, the purpose of the present study was to characterize the factors involved in this transformation process in order to better understand the functional relationships that confer morphogenetic stability on cells in the isolated islet. Given the rather poor long-term success rate of cell-based therapies for diabetes mellitus, in particular islet transplantation (Rosenberg 1998) , studies such as those described here could provide new insight into the issues surrounding the problem of graft failure.
There were two principal findings. First, we demonstrated that the process of cystic transformation requires both an elevation of intracellular cAMP and the presence of ECM proteins presented as a solid support. Second, we determined that the formation of a cystic structure from a solid islet sphere is a two-staged process that involves a wave of apoptosis of endocrine cells, followed by cell proliferation of the new duct-like cells.
Signal transduction during transdifferentiation has only recently become the subject of study; detailed information is therefore unavailable. It appears, however, that cAMPmediated information flow plays an important role (Osaka & Sabban 1997 , Ghee et al. 1998 , Yarwood et al. 1998 . In this study we found that elevation of intracellular cAMP was a necessary, but not a sufficient, condition for induction of islet-to-cyst transformation. However, it was not simply the peak value of the increase in intracellular cAMP that was important, rather it was the duration of the elevation that appeared to be associated with the highest frequency of duct epithelial transformation. This is in Figure 5 (A) Apoptotic activity determined by a specific cell death ELISA (at absorbance of 405 nm) and (B) cell proliferation determined by BrdU labeling of islets cultured in DMEM/F12 plus CT and CMRL1066 over the time-course of cystic transformation. Note the shift to the left in the onset of apoptosis in islets in DMEM/F12 plus CT. *P<0·02, **P<0·01, ***P<0·001.
keeping with Yao et al. (1995) , who demonstrated the need for sustained versus transient signaling in cAMPmediated differentiation in PC12 cells. Therefore, as in other systems, the cellular responses of islet cells may be dependent on signals that elevate intracellular signals like cAMP.
An increase in intracellular cAMP is of interest too, because a rise in cAMP may form part of the effector system controlling apoptosis in pancreatic -cells (Loweth et al. 1997) . It is therefore noteworthy that cell loss due to apoptosis is the first step we observed in the process of islet-to-cyst transformation. That apoptosis should occur during islet transformation in this system is interesting, because the islets are embedded in a collagen gel, and such a matrix has been reported to help promote or maintain the differentiated state of different types of cells in culture (Rubin et al. 1981 , Yang et al. 1982 , Foster et al. 1983 . On the other hand, extracellular matrix may also promote the process of transdifferentiation. This point is emphasized by isolated pancreatic acinar cells that transdifferentiate to duct-like structures when entrapped in Matrigel (Arias & Bendayan 1993) , and by retinal pigment epithelial cells which transdifferentiate into neurons when plated onto laminin-containing substrates (Reh et al. 1987) . Most recently, Gittes et al. (1996) demonstrated, using the 11-day embryonic mouse pancreas, that the default path for growth of embryonic pancreatic epithelium is to form islets. In the presence of basement membrane constituents, however, the pancreatic anlage epithelium appears to be programmed to form ducts. This finding again emphasizes the inter-relationship between ducts and islets and highlights the important role of the extracellular matrix. Notwithstanding these observations, the presence of a solid ECM support appears to be a necessary, although not a sufficient, condition for the transformation of a solid islet to a cystic epithelial-like structure, the first stage of which involves apoptotic cell death.
Exposure to a solid matrix in the presence of CT was effective in inducing islet-to-duct transformation compared with exposure of islets to a soluble matrix protein plus CT. Since an elevation of intracellular cAMP was shown to be necessary for cystic transformation to occur, it is interesting to consider the possibility that the solid matrix contributed to the rise in cAMP and that the soluble matrix protein did not. Although we did not measure the effect of different matrix formulations on intracellular levels of cAMP, the fact that, in the absence of CT, the solid matrix failed to induce cystic transformation suggests that it did not have any significant effect on cAMP levels. Since we found that exposure to the RGD motif reduced cystic transformation too, a similar question may be raised with respect to the effect of RGD peptide on intracellular levels of cAMP. It is well documented that RGD peptides and ECM proteins transduce their signals by interaction with the integrin receptors -with downstream signaling occurring primarily through a phosphotidylinositol-3-kinase/Akt-related pathway, and not through cAMP/protein kinase A (Matter & Ruoslahti 2001) . Even allowing for the possibility of crosstalk between these two pathways, perhaps mediated by mitogen-activated protein kinase, a control group of islets embedded into a solid matrix in the absence of CT failed to transform to ducts. This is in keeping with the report of Goberdhan et al. (1997) who showed that RGD peptide did not have an effect on intracellular cAMP in keratinocytes. Conversion of a solid to a hollow structure is a morphogenetic process observed frequently during vertebrate embryogenesis (Coucouvanis & Martin 1995) . In the early mouse embryo, this process of cavitation transforms the solid embryonic ectoderm into a columnar epithelium surrounding a cavity. It has been proposed that cavitation is the result of the interplay of two signals, one from an outer layer of endoderm cells that acts over a short distance to create a cavity by inducing apoptosis of the inner ectodermal cells, and the other a rescue signal mediated by contact with the basement membrane that is required for survival of the columnar cells (Coucouvanis & Martin 1995) . The combination of these two signals results in death of inner cells not in contact with the ECM and survival of a single layer of outer cells in contact with the basement membrane. A central feature of this model is the direct initiation of apoptosis by an external signal that causes cell death. The second key feature of the model is a signal that appears to be mediated by attachment to ECM and rescues cells from cell death. There is, after all, ample precedent for cell dependence on ECM for survival (Meredith et al. 1993 , Boudreau et al. 1995 ). In our model of islet-cystic transformation, the external death signal is probably provided by those factors that increase intracellular cAMP. Moreover, the observation that cell loss during the process of transformation occurs preferentially in the center of the islet lends support to the notion that the ECM acts as a rescue signal for those cells in the periphery. The precise role of integrins in this process remains to be more fully delineated. Integrin-ligand binding per se need not contribute to the survival signal. For example, integrins can modulate cell responsiveness to growth factors (Elliot et al. 1992) .
One area not explored in the present study was the reversibility of the process of transformation. Reversibility of transdifferentiation has been reported in other cell systems (Erenpreisa & Roach 1996) . Transdifferentiation may involve cell proliferation and the appearance of a multipotential dedifferentiated intermediate cell (Yuan et al. 1996) which can express markers characteristic of several alternative phenotypes. It is possible that this is the case in our system (Yuan et al. 1996) . Thus, it may be possible to expand a population of multipotential cells and then induce guided differentiation to a desired cell phenotype -in this case a mature insulin-producing -cell. The in vitro system employed in these studies was unique for two reasons -it did not require fetal tissue, and the starting tissue, adult islets, was well defined.
In summary, this study extends our previous observation that adult islets of Langerhans can be transformed into duct epithelial cystic structures by a two-step process that involves apoptosis followed by cell differentiation and proliferation. The precise biochemical mechanism appears to involve, at least in part, elevation of intracellular cAMP, and a survival signal contributed by a solid ECM support. The differentiation potential of the cells comprising the new epithelial structure remains to be fully elucidated.
